An operator development of the seismic wavefield is used to generate descriptions of the propagation processes contributing to the main regional seismic phases Pn, Pg, Sn, Lg. These operator forms are valid for laterally heterogeneous crust and mantle models and include the major processes of interconversion between wavetypes. These representations of the regional phases are used to examine the theoretical basis for discriminants between earthquakes and underground explosions based on the relative amplitudes of P and S phases. The ratio of Sn to Pn amplitude looks promising as a high frequency discriminant. However, the ratio of Lg to Pn amplitudes is not as useful because of the complex nature of the propagation characteristics of Lg.
INTRODUCTION
The propagation of seismic phases at regional distances has been a topic of continuous interest since the work of MohoroviEiC (1909) on the Kulpatal earthquake in Croatia, and these phases have been extensively used to determine the structure of the crust and uppermost mantle. These structural studies, especially for P-waves, lead to the development of many analysis tools such as the computation of theoretical seismograms for realistic models (see e.g. Fuchs & Muller 1971) . A major impetus to understand the detailed characteristics of the regional wavefield has come with efforts to monitor underground explosions of low yield and discriminate them from earthquakes (see e.g. Pomeroy, Best & McEvilly 1982) .
Despite this long-term interest, there has been considerable debate about the nature of the propagation processes giving rise to the most prominent of the observed regional phases Pn, Pg, Sn, Lg. The object of this paper is to provide a theoretical description of the propagation of these regional phases which can be used as the basis for discussions of the effects of structure and source type. The development is based on the operator methods of Kennett (1984) , to get a representation of the full wavefield in crust and mantle models with lateral variation in seismic properties. The operator results are then broken down into contributions associated with particular wavetypes using approximations introduced by Kennett (1986a) . The net result is a specific description of the propagation processes contributing to Pg, Lg and Pn, Sn with inclusion of the most important interconversions between wavetypes, for a laterally heterogeneous structure.
These representations of the regional phases are then used to examine the behaviour of some proposed discriminants between earthquakes and underground explosions based on the relative amplitudes of P-and S-phases. The preferred phase for use for P-waves is the Pn phase because it represents a distinct arrival at the beginning of the record. The size of the later Pg phase is too dependent on the nature of the propagation path to be generally useful. The ratio of the amplitudes of the Pn and Sn phases looks promising as a high frequency discriminant for events which are large enough for Sn to be observed clearly. However, the ratio of the amplitudes of Lg and Pn is not as useful because of the complex nature of the propagation characteristics of Lg in heterogeneous media.
Computations based on an implementation of the operator representation for laterally varying media via wavenumber mixing in the transform domain will be presented in a companion paper. the region from its surroundings, we consider it to be bordered on each side by uniform media a, c (see Fig. 1 ). Then, if there is a downgoing wavefield D" incident from the uniform medium a upon the region AC, the reflected field back into a is written, U'=~(XJ = R;~{D"} (2.1) where REC is a reflection operator for downgoing waves; and the transmitted field in c is represented as u t r a n s (~~) = T$~{D"}, (2.2) in terms of a transmission operator TGC . RCC, TEC include the effect of any multiple reflections within the region AC.
For an incident upgoing wave from the uniform medium c we may similarly introduce the corresponding operators RGC, TGC for upgoing waves. These reflection and transmission operators are not tied to any particular computational implementation, and include the position dependence of the reflected and transmitted wavefields. In a stratified medium the action of REC, Tgc can be evaluated via matrix multiplications in the frequency-wavenumber domain and subsequent inversion of the transforms. More complex reflection and transmission processes can be represented by including the action of further operators. The operator algebra is non-commutative and operators always act to their right. 
AC.
The operator algebra has the same structural form as the reflection matrix methods for stratified media (see e.g. Kennett 1983 ). This correspondence arises because the reflection matrices in the transform domain are just one implementation of the operator forms. As a result, we are able to exploit a wide range of results and approximations from the stratified case with a reinterpretation of matrices as operators.
We have so far considered the reflection and transmission operators as acting on the entire incident wavefield. But within the uniform media we have supposed to border the region of interest, we can split up the wavefield into three independent wave types. In isotropic media these will be P-waves, SV-waves and SH-waves, but in anisotropic media the decomposition by wavetype may not lead to readily identifiable physical character. We will however label the three wavetypes by P, S and H, as in Kennett (1986a) and allow for the interconversions between wavetypes arising from the nature of the medium. We can partition the operators by input and output wavetypes so that we can write, e.g.
AC

RPP RPS RPH
.GC=( %P :SH)
where we have adopted the convention that R,, represents scattering from wavetype 2 into wavetype 1 (Kennett 1983 (2*5) Even for an isotropic medium, the action of heterogeneity will often be to produce out of plane scattering and so couple the P-SV and SH fields together.
Operator description of the seismic wavefield
In the regional phase situation we consider a source lying in the crustal zone at a level S (z = zs) with the crust/mantle boundary defined by the surface C [zc =fc(x,)] (Fig. 2) . If the source was placed in a uniform medium, with the local properties at the source, it would radiate upward and downward contributions Us, DS. By splitting the medium at the source level, we work in terms of reflection and w w and we can recognize [I -RkCCRE]-' as the reverberation operator for the crust. When we make use of the crust-mantle decomposition in (2.9) and (2.10) in the expansion for the seismic wavefield (2.7) we can set up a hierachy of propagation terms emphasizing the different classes of wave interaction with the structure of significance for regional phases transmission operators above and below the source level S and introduce the source via its upward (Us) and downward (DS) radiation terms. includes all multiple interactions between the regions above and below the source. Equation (2.6) for the seismic wavefield can be rewritten in a way that emphasizes the surface reflected phases
In this representation for the wavefield we have the reverberation operator for the entire structure combined with reflection from beneath the source level. Since we have the operator identity
we can view the reverberation sequence as occurring on either the source or the receiver sides of the main reflection
We can now begin to separate phases propagating in the crust from those with a mantle component by splitting the reflection operator REL just below the crust-mantle boundary C using (2.3) R g . R E = REc + P$[I -RgLR:c]-lRgLLTSDc. (2.8) This separation includes reflection of downward travelling waves at the crust-mantle interface in the crustal operator REc. The dominant multiples in regional propagation arise from the free surface, but there can be a contribution from a complex crust-mantle transition. We will therefore rewrite (2.8) in a form which emphasizes the separation into crust and mantle operators:
Here REL includes all mantle reflection effects, both direct reflection (RgL) and any modulation from the effect of the structure of the crust/mantle transition through [IRgLR:c]-l.
We would like to make use of the expansion (2.9) to separate multiple reflections in the crustal zone from the overall reverberation operator [I -RgLRE]-'. We make use of the operator identity (2.1 lc) The contribution (2. l l a ) represents the direct waves transmitted upward from the source level. The part (2.11b) represents the crustally trapped waves such as Pg, Lg involving multiple interactions with the free surface and the crust-mantle interface. The contribution (2.11~) represents dominantly upper mantle propagation such as Pn, Sn with the possibility of near-source or near-receiver crustal reverberations. The higher order terms involve multiple mantle interaction. Equation (2.11) thus provides an operational description of the main regional seismic phases in terms of the propagation characteristics of the regions above and below the source. For shallow sources the natural divisions of the heterogeneity structure may well not coincide with the placing of the source. However, with a little extra effort we can generate an operator description for fixed upper and lower crustal zones; the details are presented in the Appendix. For heterogeneity superimposed on stratification the operators can be simulated by wavenumber coupling techniques in the frequency-wavenumber domain (Kennett 1986a) . Equation (2.11) can then be used to synthesize the response for the various phases including, for example, different scales of heterogeneity in the mantle and the parts of the crust lying above and below the source.
However, (2.11) provides a composite description of the entire seismic wavefield and provides no immediate separation into the P and S regional phases. In order to make a specific description of the individual phases Pg, Pn, Lg, Sn, we need to look in detail at near-source and near-receiver processes and the character of the crustal reverberations.
Near-source effects
The action of the source enters the operator description of the wavefield through {DS + REUS} which represents the combination of the direct downward radiation from the source and reflections from above the source, which will be dominated by the effect of the free surface.
In terms of the three basic wavetypes (P, S, H) we have the explicit expressions {DS + REV"}, = D, + REPPUP + REpSUs + REPHUH, {DS + REUs}s = Ds + REs,U, + REssUs + REsHUH, {DS + REUS}, = DH + REH,U, + REHsUs + REHHUH, (2.12) allowing for full interconversion above the source.
For an explosive source, the dominant radiation will be as P in Dp, Up and S-wave contributions will be generated from free surface reflections; these would normally be mainly SV, but some SH waves could occur due to heterogeneity above the source. For a large explosion, there is also the possibility of tectonic release close to the source inducing direct S radiation. Similar effects will arise from extended or multiple sources. Thus if we consider the SV wave radiation from an explosion we can group the source contributions in terms of their likely significance:
the first term would be generated with a stratified medium code and a simple source model, the second term is associated with tectonic release and the third would arise almost entirely from heterogeneity effects.
For an earthquake source, we have to take account of P, SV and SH radiation at the source itself and heterogeneity will have the effect of linking the SV and S H wavefields. In this context we should note that such coupling would be predicted directly for anisotropic models. However if we adopt an isotropic reference model, the action of anisotropy and heterogeneity are formally equivalent and combined in the same operator description (although the nature of the coupling terms will be different).
As shown in the Appendix, the effect of heterogeneity in the source zone will be to modify the effective source to XS{DS + REUS}, where Xs represents multiple scattering effects in the source region. The action of Xs will be to introduce further coupling between wavetypes. This will have the effect, for example of generating apparent downward radiation of S-waves from even a simple explosion due to heterogeneity induced contributions of the type xZpDp, xslpDp.
Near-receiver effects
The receivers are normally situated at or near the free surface and so lie in a region of concentrated small-scale heterogeneity even in regions with apparently homogeneous geology. Signal generated noise from the vicinity of the receivers is frequently one of the major contaminants of high frequency seismic data. In the operational description of the seismic phases (2.11) such effects are included in the term w. For low frequency waves this operator will be close to that for a stratified medium. But, at high frequencies we will have to allow for significant deviations from the stratified results induced by three-dimensional velocity structure and local topography near the receivers. We will therefore need to assume that any incident wavetype at the level S can produce all three components of motion at the surface, and that wavetype coupling is likely to be significant (both in-plane, e.g. P-SV, and out-of-plane, e.g. P-SH). Thus we will write (2.14)
in terms of displacement components on the vertical (Z), radial (R) and tangential (T) components at a receiver, for a particular wavetype incident at the level S. The character of the surface motion may well include other wavetypes than the incident. For a horizontally stratified medium WTp, WzH are always zero and W,, WRH would only be significant in the near-field of a source.
Reverberation expansion
As we have seen reverberation operators of the type [I -RgcRE]-' play an important role in the description of the seismic wavefield at regional ranges. The compact representation of the operator inverse does not allow the identification of reverberation sequences associated with individual wavetypes.
The crustal reverberation operator is the inverse of [I -REcRE] which can be written in partitioned form as Using (2.15), it is possible to construct exact expressions for the partitions of the reverberation operator in terms of the individual wavetypes (Kennett 1986a, section 5.2) . However, the resulting expressions are rather complex, especially when interaction between all three wavetypes are included. Fortunately, multiple conversions between wavetypes are unlikely to be of very great significance, and so we may employ a convenient approximation to the reverberation operator in which no more than two conversions are considered:
In this approximation we have been able to extract the reverberation terms for the individual wavetypes XGi, X ; : , X&. Conversions between wavetypes are accompanied by the reverberation sequences for both primary and secondary wavetypes.
REPRESENTATION OF SPECIFIC SEISMIC PHASES
In the previous section we. have seen how we may describe the seismic wavefield at regional ranges with an operational development and have also considered near-source, near-receiver and crustal reverberation effects. With these preliminaries, we are in a position to produce representations of specific seismic phases. We will start with crustally guided waves and then turn attention to those phases whose paths lie mainly in the mantle.
Crustally guided waves
The first group of waves whose paths lie in the crust is that associated with transmission upward from the source (2. lla)
(3.1)
These direct P-or S-waves are important close to the source, but at greater distances are reduced in amplitude by geometrical spreading. Since the direct waves travel through the lower velocity material near the surface, they are overtaken at larger distances by phases travelling mostly through the higher velocity material at depth, and then play a fairly minor role in the coda. Of much greater significance are those waves which have been reflected back from beneath the source level and then have been involved with reverberation through the whole crustal zone (2. llb)
We recall that the level C lies just below the crust-mantle transition so that Rkc includes reflection from this interface (e.g. PmP, SmS arrivals). A schematic representation of the various operator interactions in (3.2) is shown in Fig. 3 . At low frequencies, the structure beneath the interface will be involved in the reflection process and so influence the crustal reverberations (Burdick & Helmberger 1988) . However, for frequencies higher than about 0.5 Hz, the representation (3.2) will include the dominant contribution to the crustally guided phases Pg, Lg. The effect of source depth will enter into the expression (3.2) through the compound source term {DS + REUS}. The balance between downward and upward waves will be of particular relevance for directional sources such as earthquakes.
With the aid of the decomposition of the crustal reverberation operator by wavetypes discussed in Section 2.3, we can now look at the individual seismic phases. crust with the form 3.1.1 Pg
The Pg phase is composed primarily of P-waves guided in the crust although the coda is likely to have an increasing proportion of converted waves. Conversion near the source will normally be significant in transferring S energy from the source radiation to the P wavefield. The base of the weathered zone near the surface will be one of the most likely places for conversion from P to other wavetypes and so transfer energy to the tangential component. These effects can be included by making a full representation of the transmission through the surface zone (2.14). The most significant contribution to the Pg phase will be from those wave propagation processes with just P reverberations in the Wp is the transmission operator for the surface motion generated by an incident upward P-wave at the source level
(3.5)
this allows for scattering of energy out-of-plane and possible conversions near the surface. The contributions to the coda of Pg involve multiple reverberation trains such as and similar terms with conversion between reverberations of the type
XiiYPSX2
= [I-RETRE~~](RS,C,PREPS + R S s R E s s + G S H R E H S )
with those processes involving SH waves likely to be of least significance. Since all these contributions require conversions between wavetypes, they are likely to be individually small but the cumulative effect of a number of such terms can still be noticeable.
The character of the Pg wavetrain will be strongly dependent on the nature of the crustal reverberation operator XGi. Multiple reflections in the crust for P provide only partial trapping of energy, because of conversion from P to S at the surface and the possibility of transmission through the crust-mantle transition into S-waves in the mantle.
For laterally homogeneous crustal models, the detailed studies of Olsen, Braile & Stewart (1983 ), Campillo, Bouchon & Massinon (1984 have shown how the Pg phase is built up from multiple PmP reflections. However, it is difficult to sustain the Pg phase to even 500km range if there is not low velocity material near the surface. A crustal low velocity zone may help to maintain Pg amplitudes by interference of multiples separated by only a short time delay.
In a shield-type model, the Pg energy leaks rapidly into S with each surface reflection and the Pg phase tends not to be observed at large ranges. The presence of lateral heterogeneity will tend to enhance the decay of Pg with range, since scattering will generally remove energy from the waveguide. These results help to explain why Pg is more readily observed in the western United States, where surface P-wave velocities tend to be low, than in the eastern United States where older geological structures bring higher velocity material close to the surface.
Sg, Lg
At close ranges, the crustally guided S-waves, analogous to Pg, are commonly referred to as Sg. But at greater distances as the wavetrains become more complex, the notation Lg is frequently used. Originally the term Lg was applied to intermediate frequency arrivals with a group velocity around 3.5 km s-l (Press & Ewing 1952) , but more recently the usage has been transferred to higher frequency waves (>1 Hz). When considering these S wavetrains we have to take account of the different classes of wave propagation processes associated with the two S wavetypes. In a horizontally stratified, isotropic, medium the SV waves would propagate in a vertical plane and S H in a horizontal plane. The SV waves part of Lg can then be described by a superposition of many higher modes of Rayleigh waves and the SH wave part by a similar sum of Love wave terms. However, in a real medium there will be cross-coupling between the wavetypes due to out-of-plane scattering arising from heterogeneity in the crustal waveguide.
The phase velocities of importance for guided S-waves are such that P-waves will only propagate in the near surface region (if at all). As a result, we only need to retain P-waves in the description of near-source and near-receiver processes. Within the full crustal waveguide the behaviour will be dominated by S-wave reverberations, but for each wavetype we must make a full allowance for near-receiver effects including coupling to P-waves and Rg-waves (fundamental mode Rayleigh waves) largely confined to the near surface.
In order to simplify the notation we introduce CDs, CDH representing the net downward radiation for SV-, SH-waves including the effect of reflection processes above the source The dominant reflection processes above the source are likely to be those without change of wavetype. The main effects of the guiding process will be described by the crustal reverberation operators for the two S wavetypes representing the effects of multiple internal reflections within the crust. Using the notation of Section 2.3 we will write
Within the crustal waveguide we can expect cross-coupling between wavetypes through the terms Yss, YSH, YHs, YHH with principal contributions yss REHR&, YsH 2 : RL: sR&SsH + R E H R E H H , (3.10)
YHH RS,C,sR&H, Y H s == R%sR%s + R E H R E H S ,
and terms of lower importance involving P-wave conversion.
We must allow for full coupling in propagation through the near-surface zone. For incident S-waves the two transmission terms can be represented as The Lg wavetrains can then be split into two classes depending on the nature of the main sequence of multiple S-wave reflections. Within the waveguide, cross-coupling between wavetypes will increase the complexity of the wave-propagation process. With dominantly SV reverberation, the major contributions to Lg can be written as Because the wavespeeds of the different wavetypes are so similar, we need to retain a more complete representation than for Pg. However, the main effects will arise from terms with a single reverberation sequence.
For the Lg phases, the trapping of S energy is quite efficient. In the laterally homogeneous case, there will be total reflection of S-waves at the surface and at a crust-mantle interface; some slight energy loss may arise at the base of the crust for a transitional structure into the mantle. Even in the presence of lateral heterogeneity most of the energy will be trapped. There will be some energy loss by anelastic attenuation and scattering and so the reverberation sequences Xc:, X & will decay in time. This leads to a general reduction of the coda amplitude along the wavetrain as time progresses, whose envelope can usually be approximated by an exponential to define a coda Q (Herrmann 1980) .
There are a number of regions where the propagation of the Lg wave is interrupted by some tectonic feature, e.g. the graben structure in the North Sea (Gregersen 1984) and the mountain belts of central Asia (Ruzaikin et al. 1977) . This disruption of the wavetrain is generally associated with upsetting the constructive interference of the multiple crustal S reflections comprising X&?, XGA. As illustrated by Kennett (1986b) , modifications of the shape of the crustal waveguide tend to break up the constructive interference and these trends will be enhanced by significant horizontal velocity gradients. In addition anomalously low Q may be needed to finally extinguish the guided energy (Maupin 1989) .
Mantle phases
Once we get beyond the critical distance for reflection from the crust-mantle transition, we have the possibility of phases with a significant path in the mantle associated with operator (2.9), which includes all reflection from beneath our separation level C (just below the crust-mantle interface). The general description of such mantle phases is provided by (2.11~) (3.13)
We will therefore compound the transmission up and down below the source level with the mantle reflection processes into a composite operator which includes the possibility of reverberations in the crust near the source or near the receiver. We recall that REL is a contracted notation designed to include all mantle reflections including those arising from the structure of the crust-mantle transition zone. As in (3.2) the effect of source depth enters into the expression for the wavefield through the compound source term { DS + RfSUS}.
We can extract the main term corresponding to Pn, Sn from (3.13) as un = -5 P$RgLTS,C. {DS + REUS} (3.14)
which includes the possibility of reflections from the surface at the source, e.g. pPn, sSn (see Fig. 4 ). The coda of these two phases will include crustal multiples such as PPn, SSn.
Pn
The beginning of the Pn wavetrain will be dominated by P-waves radiated downward from the source, with some reinforcement slightly later from surface reflected phases (including S to P conversion) for shallow sources. The mantle leg will be as a P-wave so that we may represent the wavetrain as (3.15) where cross-coupling between wavetypes in the near-surface zone is included via the transmission term W, (3.5).
At ranges beyond 300-400 km, crustal multiples of Pn begin to contribute to the coda of Pn as indicated in the representation (3.13). For the range of phase velocities of importance for this phase 8.3-7.8 km s-', conversion of Pto S-waves at the surface is more efficient than reflection of P to itself so that some crustal legs may be as S-waves. As a result the Pn coda will begin to acquire a partial S-wave character.
Sn
The principal phase velocity interval for Sn (4.8-4.3 km s-l) will involve only limited interaction with P-waves in the near surface zone and so we only need to consider S-wave propagation over the bulk of the path. The most significant other class of wavetype conversion is likely to be between the two S-waves, induced by the presence of heterogeneity. and then partition the whole process by incident and emergent wavetype. Then, with the aid of the compact effective source notation introduced in Section 3.1.2 we can represent the dominantly SV-wave contribution to Sn as with an equivalent form for the SH-wave contribution (3.17) (3.18)
As for Pn, the coda of Sn will include crustal multiples. Since reflection at the surface involves only limited coupling to P, this will be a relatively efficient process and as such a major contributor to the character of Sn at larger ranges (Kennett 1985) .
Although the various operator descriptions take similar forms for the crustally guided and mantle waves, we must recall that the ranges of phase velocity for which the representations are useful are rather different. We have been able to partition the seismic wavefield via the dominant modes of propagation, but we must recall that the phases do not exist in isolation. Thus the Sn and Lg arrivals are superimposed on the Pg coda and the spectral character of the actual wavefield can be dominated by coda contamination (Blandford 1980) . Also, we have included all mantle propagation effects within the Pn, Sn representations, energy return from structure well below the crust-mantle interface can be of considerable importance at larger ranges and may well occur in a time window that, for an isolated record, could be confused with the crustal multiples of shallower propagating energy.
P / S AMPLITUDE RATIOS FOR REGIONAL PHASES
With these relatively compact descriptions of the regional seismic phases, we are now in a position to look at the behaviour of possible discriminants between different types of seismic sources. For discrimination between earthquakes and explosions, such criteria are based on the observation that earthquakes should be much more efficient generators of S-waves than explosions, as demonstrated very elegantly by Gilbert (1973) . For regional phases this result implies that we would, in general, expect larger amplitude Sn and Lg phases relative to the size of the P-waves for earthquakes than explosions. Some earthquake observations near nodes in the source radiation patterns could be deceptive, but with a reasonable coverage of azimuths such problems should be avoided.
Such discrimination criteria based on the relative amplitudes of P and S regional phases have been investigated for some time but their performance has been somewhat mixed. Blandford (1980) argues strongly for the use of the ratio of the maximum amplitude before Sn (P,,,-) to the maximum after Sn(Lg), particularly at high frequencies. However, Pomeroy et al. (1982) report on a range of other observations which are not as encouraging.
Clearly, it is desirable to look at the theoretical basis for the discriminant to see if we can understand where the problems arise.
S n / h amplitude ratio
This amplitude ratio is designed to compare the Pn and Sn phases which both have a significant mantle component to the propagation path. Pn has the advantage that it appears as a first arrival and only contends with the ambient noise conditions. Sn, on the other hand, is superimposed on the late P coda and frequently has a relatively emergent character with the largest energy on the vertical component often associated with crustal multiples (Kennett 1985) . Over continental areas Sn usually propagates well, although there is some disruption due to tectonic features (Molnar & Oliver 1969) .
In the absence of widespread digital three-component stations the amplitude comparison of Pn and Sn is normally made on the vertical component. Thus from eqns (3.15), the vertical component of Pn will be represented by
with a phase velocity window of interest from 7.8 to 8.3kms-'. For shallow sources there will be the complication that the time separation of direct downward radiation and surface reflections will be too short to allow separate identification except at high frequency.
From (3.17), (3.18) the vertical component of the Sn phase will be described by ( 4.3)
The out-of-plane scattering terms are particularly important for explosions, as recognized by Gupta & Blandford (1983) , since in this case the SH energy produced at the source will be low. Even with equal efficiency of scattering back and forth between SV and SH, there will be transfer of energy into the SH field until the size of the SV and SH terms tend to equalize. For earthquake sources similar crossconversions of wavetype will occur but will be harder to recognize because of the presence of significant SH energy generated at the source. Within the mantle the character of the propagation terms R&Tp, RkYs is dictated by the wavespeed gradient beneath the Moho. Even a slight positive gradient is sufficient to produce an 'interference' head wave in which multiple reflections from the gradient constructively interfere to give a larger arrival than is possible with just a uniform zone (Menke & Richards 1980) . As the range increases the deepest penetrating 'diving' ray separates from the bunch of multiple reflections near the crust-mantle interface and may get suppressed by interaction with a wavespeed inversion at depth. With fine-scale structure in the mantle, the interaction of the P-and S-waves will be different because of the shorter wavelengths for S. Comparing (4.1) and (4.3), we see that they have a similar structure of propagation terms. Loss of energy by out-of-plane scattering will tend to reduce the Sn mantle component somewhat and also the transfer to the vertical component is less efficient than for P-waves. The ratio of the Pn and Sn amplitudes should however be dominated by the ratio of the source terms in (4.1) and (4.3) .
At high frequencies, the P-wave contribution to (4.3) will be very small for the phase velocities in Sn (unless the source is very shallow), so that the Sn/Pn ratio becomes a comparison of S and P radiation at similar take-off angles from the source. At lower frequencies, and for shallow sources, the interference of PS conversion at the surface with the direct downward S radiation would complicate the picture. For explosions, this conversion process will be the principal mechanism for the generation of Sn.
This would suggest that the Pn/Sn ratio would perform better as a discriminant between earthquakes and explosions at higher frequencies, which would fit in with a number of observations (R. Blandford, private communication) . For shallow earthquakes the discriminant would not be very effective. Clearly, adequate azimuthal coverage is needed to eliminate complications due to source radiation patterns.
The actual behaviour of the ratio will be affected by the presence of heterogeneity. Contamination of the arrivals by near-receiver scattering can be overcome by integrating the envelope of the waveforms over a time window rather than just picking a maximum value. Where available, threecomponent data should be used to try to stabilize the measure of the ratio of energy in Sn and Pn against distortion due to energy transfer between the vertical and horizontal planes due to scattering.
Further, in order to equalize the sensitivity of the Pn, Sn phases to structure (particularly the effects of heterogeneity) it would be appropriate to work at a common wavelength, e.g. make a comparison between Pn in a frequency band around 4 Hz with Sn in a frequency band around 2.5 Hz.
Lg/Pn amplitude ratio
Although it would be most appropriate to compare the amplitudes of the two crustally guided waves Pg, Lg, we have noted above that the Pg phase does not propagate very far in structures with high P-wave velocity at the surface (such as shields). For utility in a wide range of geologic environments, it is therefore necessary to use the Pn phase as a measure of the strength of the P-wave field, except at short ranges.
With a comparable approximation to (4.3) the vertical component of Lg associated with in-plane propagation can be derived from (3.12) as for the phase velocity range 3.8-3.3 km s-'. The propagation term now involves reflection from the crust-mantle interface in Rgc and reverberations within the waveguide X ; : .
The coherence of the Lg phase depends on a complex pattern of constructive interference which is normally well established at frequencies around 1 Hz, except where some major barrier blocks propagation. Deep reflection soundings level zs lies above zK and will show how we may make a representation of the wavefield equivalent to (2.11) with a separation of the propagation characteristics at the level K.
If we had a source at the level K, the displacement field could be written in an analogous form to (2.7)
and we could then make a separation of the crustal propagation terms as in eqs (2.8)-(2.10) in terms of the artificial source level K.
In order to incorporate the effects of the true source at S we have to relate the apparent source terms UK and DK + REUK to the actual source radiation. Fortunately, we can exploit the formal equivalence with reflection matrix results for splitting the response of stratified media (Kennett 1983 , section 9.2). We find for the net downgoing field Cg = DK + RFUK of the crust often show very variable structure at the crust-mantle transition along a profile and so at high frequency (>5 Hz) the propagation effects will tend to get more complex.
Comparison of the source terms in (4.1) and (4.4) shows a similar behaviour to that for Sn/Pn with a simplification at higher frequencies, although now the Pn-waves will have much steeper take-off angles than for the S-waves. The waves comprising Lg travel at angles of about 70 degrees to the vertical, whereas the Pn take-off angle would be between 25 and 45 degrees depending on the depth of the source.
The Lg/Pn amplitude ratios will therefore be subject to two opposing trends, the source ratios will be becoming better defined as frequency increases but the propagation complexity will increase markedly making the interpretation of the ratio rather difficult. This result supports the discordant observations of the value of the amplitude ratio Lg/Pn as a discriminant noted by Pomeroy et al. (1982) .
The Lg-wave has a valuable role to play in the detection of events at regional ranges, but the relatively complicated propagation characteristics for Lg reduce its value for discrimination.
DISCUSSION
In this paper we have shown how an economical and informative representation of the seismic wavefield at regional distances can be made in terms of reflection and transmission operators. The expressions we have derived for the various regional phases are valid in laterally heterogeneous and anisotropic media. For the particular case of horizontally stratified media they can be readily evaluated by adapting matrix methods in the transform domain (see e.g. Kennett 1983). In the presence of heterogeneity the operators can be simulated by allowing coupling between horizontal wavenumbers in the frequency domain. Preliminary calculations show that it is possible to achieve significant transverse components for the regional S wavefield from an explosive source as has been frequently observed (Blandford 1980 ), but which is not predicted by a stratified model.
We have demonstrated how operator representations for particular seismic phases can be applied to look at the theoretical basis for discrimination between earthquakes and underground nuclear explosions using regional phases. A number of empirical discriminants have been proposed based on the characteristics of regional phases (see Pomeroy et al. 1982) . Our phase representations give a way of examining the theoretical basis of such discriminants and may allow a better assessment of their limitations.
APPENDIX: UPPER A N D LOWER CRUSTAL HETEROGENEITY ZONES
In Section 2 we have shown how the propagation characteristics for regional phases can be described in terms of the regions above and below the source. Frequently, we would like to work with fixed regions irrespective of source depth, so that we can model an upper crustal zone of heterogeneity down to a level zK, underlain by a lower crustal zone and the mantle. We will assume that the source For the upgoing wavefield at K, it is best to look at the full propagation term On the receiver side, we can also expand out the upward propagation term W to indicate the multiple interactions with the shallow heterogeneity
The reverberation term will be responsible for most of the conversions between wavetypes near the receiver. With these expressions for the effect of shallow heterogeneity, we can rewrite the operational description of crustally guided waves (such as Pg, Lg) into the form with the main propagation characteristics determined by the multiple reverberations within the crust described by with the mantle propagation operator REL modulated by possible crustal reverberations, and the possibility of strong interactions with heterogeneity in the near-source (CE) and near-receiver (WE) contributions.
